Purpose: To compare papillary and macular vessel density (VD), as measured by optical coherence tomography angiography (OCTA), in eyes with primary open-angle glaucoma (POAG), normal-tension glaucoma (NTG) and exfoliation glaucoma (XFG). Methods: The papillary and macular VD of 40 eyes with POAG, 19 with NTG and 21 with XFG were examined using OCTA (AngioVue™). The VD was measured at two different layers of segmentation (optic nerve head: radial peripapillary capillary [RPC] and nerve head [NH]; macula: superficial [SL] and deep [DL] retinal vascular plexus) with a 4.5×4.5mm papillary and 6×6-mm macular scan. VD was calculated by an automated density measuring tool in the AngioVue™ software.
Introduction
Glaucoma is a multifactorial disease and one of the most common causes of blindness in the world. 1 The pathogenesis is still not fully understood. As a major risk factor for the development of glaucoma, an increased intraocular pressure is known. Other causative factors such as an altered intracranial pressure, 2 influence of scleral rigidity 3 can contribute to glaucoma damage. Also, a vascular genesis must be considered as a triggering factor in the development of glaucoma. 4, 5 The vascular hypothesis is favored especially with regard to eyes that develop glaucoma-specific changes despite a low intraocular pressure. Normal-tension glaucoma (NTG), a subtype of primary open-angle glaucoma (POAG) is the cause of 25-32% of all cases of POAG. 6, 7 Vascular changes are also known in exfoliation glaucoma (XFG). The changes in this glaucoma type comprise vasculopathy of iris vessels with degeneration of the smooth muscle cells, pericytes, and endothelial cells as well as abnormalities of the endothelial basement membrane and obliteration of the lumen. 8 In order to substantiate the vascular hypothesis of glaucoma, many studies with different examination devices have been conducted on blood flow in healthy and glaucomatous eyes. These investigations have found reduced optic nerve head (ONH) and peripapillary blood flow dynamics in glaucoma. 9, 10 For various reasons (e.g. lack of practicability in everyday routine, inconstant results, absence of reproducible methods of quantification), the different examination techniques used have found no entry into the daily practice of glaucoma diagnosis.
Optical coherence tomography angiography (OCTA) first described for glaucoma detection by Jia et al 11 in 2012, is a novel examination technique for imaging the density of blood vessels (called vessel density, VD). The exact technique has been described previously. 12 The advantage of OCTA is that the examination is noninvasive can be conducted very quickly, and above all provides a reproducible quantification of VD. 13 In glaucoma disease, VD has been shown to be reduced in the area of the ONH and the macula. 11, [14] [15] [16] To ascertain whether the vascular phenomenon is more profound in certain entities of glaucoma, we investigated the VD of the ONH and the macula by OCTA in POAG, NTG, and XFG.
Methods

Study Design
This is a prospective monocentric study conducted at the Department of Ophthalmology, St. Franziskus Hospital Muenster (Germany) and approved by the ethics committee of the Medical Association of Westfalen-Lippe, Germany. The study adhered to the tenets of the Declaration of Helsinki. Eighty eyes were included in the study. All patients provided written informed consent before study entry.
Subjects
Subjects were considered to have POAG if it was diagnosed by an ophthalmologist and showed characteristic optic nerve changes consistent with glaucoma:
Inclusion criteria for all three groups:
• Open drainage angles on gonioscopy;
• Absence of any secondary cause for a glaucomatous optic neuropathy apart from pseudoexfoliation materialfor example, a previously raised IOP following trauma, a period of steroid administration, or an episode of uveitis; • IOP ≤ 21 mmHg on the day of examination, with-or without antiglaucomatous eye drop; • Glaucomatous optic neuropathy, defined as the presence of at least two of the following characteristics: ○ Open drainage angles on gonioscopy, ○ Absence of any secondary cause for a glaucomatous optic neuropathyfor example, a previously raised IOP following trauma, a period of steroid administration, or an episode of uveitis, ○ Vertical cup-to-disc ratio (VCDR) ≥0.5 (based on HD-OCT measurements) with corresponding reduced RNFL thickness, ganglion cell complex (GCC) defects on OCT analysis consistent with glaucoma, ○ VCDR asymmetry ≥0.2.
The POAG group included all subjects who met not criteria for NTG or XFG.
We have included the following criteria for the definition of NTG:
• A mean IOP off treatment consistently equal to or less than 21 mmHg on diurnal testing, with no single measurement greater than 23 mmHg
The diagnosis of XFG was made on the basis of clinically visible criteria on slit-lamp examination: white, flaky material on the pupillary border of the iris or on the anterior surface of the lens and/or the "three-ring sign" on the anterior lens capsule. 
Optical Coherence Tomography Angiography
AngioVue™ (RTVue-XR; Optovue, Fremont, CA, USA, software version 2016.2.035), was used to capture the OCTA images. All participants underwent SD-OCT and OCTA imaging on the same day. Poor-quality imagesdefined by a signal strength index (SSI) ≤40were excluded from analysis. A series of two OCT volumes are obtained from the same region, first scanning acquiring B-scans in the horizontal direction, followed by scanning in the vertical (orthogonal) direction to decrease motion artifacts and fixation changes. 17 A 6 × 6 mm grid centered on the fovea was chosen to scan the macular region while a 4.5 × 4.5 mm grid centered on the optic disc was used to scan the nerve head. The ONH scans were automatically segmented into two layers with the following boundaries: the "nerve head" (NH) had its inner boundary at 2000 µm beneath the internal limiting membrane (ILM) and its outer boundary at 150 µm beneath the inner plexiform layer (IPL). The "radial peripapillary capillary" (RPC) segment is a slab from the ILM to the RNFL posterior boundary. The macular scan is also split into two segments: a superficial layer (SL = ILM 3µm to IPL 15µm) and a deep layer (DL = 15µm to IPL 71µm below the IPL). We did not use the 3 × 3-mm macula scan because the area of the macula is most vulnerable to glaucomatous damage outside the central 3 × 3-mm zone. 18 Perhaps detectable reduced VD is outside the 3 × 3mm zone and therefore could not be measured. VD was measured using the automated density measure tool in the AngioVue™ software. At the optic disc, it was divided into six sectors based on the Garway-Heath map centered on the optic disc. At the macular region, there were two circles measured. The inner circle (fovea) was 1 mm and the outer circle was 6 mm (parafovea) in diameter. The bigger circle was subdivided into four quadrants.
Statistical Analysis
MedCalc ® Version 18.9 (MedCalc Software bvba, Ostend, Belgium; 2018) and R Version 3.2.5 (Dormagen, Germany) were used for all statistical analysis. Normal distribution of the data was checked by means of the Kolmogorov-Smirnov test and data were expressed as mean ± standard deviation (range) for Gaussian distributed values (t-test), and medians (interquartile range) for nongaussian distribution (Wilcoxon rank-sum test).
To determine whether the medians of the three groups are different we used the Kruskal-Wallis test and, if appropriate, the Conover test in order to localize established significances in the sense of post-hoc analysis between the groups.
Results
A total of 102 eyes were included in the study. We adhere to the signal quality limits specified by the device manufacturer for assessing good recordings. The mean image quality (SSI) was 55 in our measurements in the area of the optic nerve and the macula.
In 22 eyes, the image did not show sufficient image quality, so they had to be excluded. Eighty eyes were analyzed, of which 40 had POAG, 21 had XFG, and 19 had NTG. The patients in the NTG group were significantly younger, and for that reason, the duration of their illness was shorter. The NTG group was significantly more myopic, and the POAG group had less ONH excavation and a slightly thicker GCC layer, whereas there was no significant difference in the RNFL thickness between the three groups. However, the difference between the groups in terms of the only minimal significant difference in the GCC and CDR with a p-value of 0.04 is negligible. Mean defect was higher in NTG group. It has been reported that visual field defects are more likely to be deeper, steeper, and closer to fixation in NTG compared to high-tension glaucoma. 19, 20 For this reason, this also reflects a change typical of the disease ( Table 1) .
The papillary VD (pVD) in the RPC layer is shown in Table 2 and the NH layer is described in Table 3 .
At the optic nerve head, there was no significant difference between the three groups either at the RPC level or at the NH level apart from the inferior nasal peripapillary area. In this sector, at the more superficial RPC level, the VD is highest in NDG-group and differs significantly from the PEX and POAG groups. The ratio is similar at the NH segmentation level: the NDG group has a significantly higher VD than the PEX group. Looking at the macular results of the VD, there were no significant differences, either in the superficial (Table 4 ) or in the deep vascular plexus ( Table 5 ).
Discussion
The fact that intraocular pressure is not the only factor playing a role in the pathophysiology of glaucoma is now established knowledge. 21 For example, Doppler sonography, fluorescein angiography, or laser Doppler flowmetry (LDF) can be used to measure potential circulatory abnormalities. Most research on ocular blood flow and glaucoma has been carried out with LDF and confocal scanning LDF (cSLDF) on decreased nerve head blood flow in POAG patients. 22, 23 These techniques have also been used to investigate differences among glaucoma entities. Kaiser et al demonstrated by means of color Doppler imaging that there is a significant reduction of retrobulbar blood flow in NTG. 24 Chung and coworkers showed that NTG is characterized by reduced blood flow in the peripapillary retina as measured by cSLDF. 25 Impaired retrobulbar hemodynamics have been identified in exfoliation syndrome and exfoliation glaucoma. [26] [27] [28] However, these methods have not been established in everyday clinical practice for various reasons, e.g., due to invasiveness (fluorescein angiography) or, especially, because an individual diagnosis is not possible on the basis of circulatory abnormalities alone or because of a lack of quantifiable parameters. Owing to these difficulties, the diagnosis of perfusion disorders is often based on the presence of indirect signs such as vasospastic syndrome, arterial hypotension, migraine, or tinnitus.
OCTA, on the other hand, provides a noninvasive three-dimensional quantification of retinal blood flow (vessel density, VD) based on measurement of erythrocyte movement over time. The details of this technique have been extensively described. 11 VD can be examined at various capillary network levels and, above all, can be quantified reproducibly. 13 It has been reported previously that papillary and macular VD is lower in glaucomatous eyes than in age-matched normal eyes. 11, 14 We were able to learn from our preliminary work that in glaucomatous eyes vessel density is significantly reduced in comparison to healthy eyes 15, 29 and that on average in healthy eyes there is a papillary vessel density of more than 50%. 29 Most of the research using OCTA has compared the VD of healthy eyes and eyes with POAG, with few publications considering different glaucoma entities in detail. Rao et al have looked at the VD in narrow-angle glaucoma (NAG) and other narrow-angle situations. Eyes with NAG were found to have significantly lower VD, both peripapillary and macular, than healthy control eyes, 30 whereas those with narrow-angle anatomy without glaucomatous lesions did not have lower VD. Two papers examined persons with a narrow-angle situation in both eyes who had suffered an acute angle-closure attack in one eye. Comparison between the two eyes showed that the eyes with a condition post-acute primary angle closure had significantly lower peripapillary VD than the contralateral eyes. 31, 32 Suwan and coworkers 33 deal with the topic of peripapillary blood flow measured by OCTA in exfoliation syndrome, XFG and POAG compared with healthy eyes. The blood flow was calculated using MATLAB software (The Mathworks, Inc., Natick, MA, USA) and perfused capillary density (PCD). The results showed that PCD decreased from healthy persons through exfoliation syndromes and POAG to XFG. The investigators subdivided the peripapillary area into four quadrants and found constant significant differences among them. In our comparison between XGF and POAG, we could not find any significant difference.
Three studies investigated the blood flow in NTG. Shin et al 34 compared eyes with NTG (n = 52) to a healthy control group (n = 51) using AngioPlex OCTA (Carl Zeiss, Jena, Germany). To calculate the peripapillary VD at in two layers (superficial and deep), a MATLAB software was used. In this study, the average peripapillary vessel density (VD) of NTG patients was decreased in both superficial (10.5% reduction) and deep retinal (5.6% reduction) retinal layers, compared to with healthy eyes.
Scripsema et al 35 compared POAG (n = 40) with NTG (n = 26) and healthy eyes (n = 26). This was a retrospective evaluation of peripapillary PCD with two different diameters of 3.5 and 4.5mm as measured by RTVue OCTA (Optovue, Fremont. CA, USA). The network of capillaries was determined from the ILM to the posterior boundary of the RNFL. A comparison was made with perimetry (Humphrey Field Analyzer II) and RNFL (Cirrus HDT OCT 500, Carl Zeiss Meditech, Inc.). The PCD was significantly lower in the two glaucoma groups than in the healthy eyes, with no difference between the two circular scan sizes. The POAG group had a significantly lower PCD than the NTG group (p <0.01).
Bojikian et al, 36 in contrast, found no difference in optic disk perfusion between POAG (n=30) and NTG (n=31).
Our patient collective is similar to those of Scripsema et al 35 and Bojikian et al. 36 In contrast to Scripsema et al, we found no significant difference for the total value of peripapillary VD (wpVD) between POAG and NTG/XFG neither at the RPC layer nor at the NH layer. The reason for this discrepancy may lie in the retrospective nature of the data of Scripsema et al. Furthermore, they carried out no further subdivision of the annular PCD.
When dividing the peripapillary VD our results into six sectors, we found a significantly higher VD in the NDG group in the inferior nasal peripapillary area, at RPC level compared to POAG and XFG group (p=0.017), at NH level compared to XFG (p=0.04). The significant change we did not expected in the nasal quadrant, but rather in the temporal area because it corresponds to the main pathway followed by radial parapapillary capillaries, which run mainly superior-temporal and inferior-temporal 6-7 mm from the optic disc. 37 In larger group numbers, the difference in the nasal inferior sector must be observed. Furthermore, it is noticeable that especially in the NDG group, where a vascular cause is suspected, the peripapillary VD is highest in the inferior nasal sector. This too must be questioned in the following work. In our study, we not only examined the macular VD in the superficial layer, but also evaluated the capillary mesh at a deeper segmentation, because the RPCs, which are the most superficial layer of capillaries, lying in the inner part of the RNFL, anastomose with deep capillaries. 37 However, differences between the individual entities could not be found in either segmentation level.
Our study has several limitations. First, the sample size is relatively small, which may lead to selection bias.
The study participants were receiving local antiglaucomatous therapy. Although there was no significant difference between the groups in terms of number of agents, there may have been differences between the substances used. The exact effect of antihypertensive eyedrops on VD is not yet known and should be explored in further studies. For ethical reasons, we did not discontinue medication before OCTA. Furthermore, we did not measure blood pressure, but excluded all patients who had known arterial hypertension or hypotension, other vascular diseases, or were taking vasoactive medications. An association of blood pressure with ocular blood flow is likely, although a previous study found no significant correlation between blood pressure and ONH VD. 38 With regard to various ocular characteristics of the study population, we included aberrant glaucoma groups. The NTG group was younger and had more advanced visual field defects (MD). As already mentioned in "Results" section, an NTG is subject to special features. The affected patients are younger at the time of the disease and visual field defects are more likely to be deeper. 19, 20 For these reasons, we represent with our work a normal patient collective. There is also a significant difference in the age and the time since first diagnosis of glaucoma of the group of primary open-angle glaucomas compared to XFG. A possible influence on the results can not be safely excluded.
In conclusion, our spectral-domain OCTA study did not show decreased overall values for the peripapillary or macular VD at different segmentation layers. In the subanalysis of the peripapillary values, inferior nasal sector VD at RPC-level was significantly higher in NTG eyes than in POAG-and XFG-eyes and NDG-VD was significantly higher than XFG-VD at NH-level. More long-term studies with larger case numbers are required to further investigate whether vascular dysfunction has a causal link to different glaucoma entities.
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